Lasers are becoming more and more powerful. New fields of research have become accessible, such as studying the interaction between matter and highly intense electromagnetic fields. When a high energy laser pulse is focused onto a small spot, the intensity can reach 10 20 W cm -2 . This is high enough to study photonuclear and ion-induced interactions. The ultra-high intensity causes a number of processes like nuclear fission, fusion, γ-ray production and complete ionization of atoms. Before, these experiments could only be done at large facilities like VULCAN (UK) and NOVA (USA). Lasers have the potential to bring these experiments into laboratories on a tabletop scale.
Ultra-high intensity
To produce intensities as high as 10 20 W cm -2 , one has to do two things: increase the powers of the laser and focus the energy on a small spot. Since there is not much more to gain from the focusing, the power of the laser is the decisive factor. Pulsed lasers can produce pulses with a lot of energy. These pulses can also be amplified. A common way of amplifying pulses is by so called Chirped Pulse Amplification (CPA). In CPA, the pulse is stretched out over a longer time. This can be 10 3 to 10 4 times longer than the initial pulse duration. Now, the pulse is amplified. After the amplification, the pulse is compressed to its original duration. If one would amplify the pulse without stretching it out, the amplifying medium would be damaged by the high intensity. Ti-Sapphire technology has made it possible to produce these pulses on a tabletop scale. The pulses are then centered around 800 nm and have a pulse duration of approximately 30 fs.
Pulse + target = ?
When matter is exposed to such high intensities electrons are accelerated and ions are produced. If the intensity is high enough, plasma's are produced containing particles traveling at relativistic velocities. For protons, this will happen from 10 24 W cm -2 .
The idea is that when the pulse hits the target, it produces high energetic electrons and ions. The ions cannot go through the target, but the electrons can. At the other side of the target, the electrons ionize atoms. This causes a sheet of positive atoms at the front and a sheet of negative atoms at the back of the target. These ion sheets produce an electric field reaching 1 MeV µm -1 over several µm. The field accelerates protons to several MeV. This picture has not been proven, but experimental data and 2D-PIC (particle-in-cell) simulations seem to agree with the concept. The thickness of the target is an important parameter. Using 100 fs pulses from a Ti-Sapphire laser with an intensity of 10 20 W cm -2 and an Al target of 3 µm, protons with an energy of 24 MeV were produced. Using a 100 µm thick target, the proton energy reached 6.5 MeV. Something that is also created is so called bremsstrahlung. This is radiations produced by decelerating charges. For high energy electrons, the radiation produced are gamma rays (γ-rays). These rays can induce photonuclear activation in secondary targets. Such reactions can then produce neutrons and different isotopes. On the front of the (primary) target, ions are produced. These ions can also be knocked off of the target and travel to a secondary target. On this target, ion activation reactions can occur. The ions from the primary target and of the secondary target can then undergo nuclear reactions producing different isotopes, neutrons, alpha particles and γ-radiation. The release of ions from the primary target is temperature sensitive. The higher the temperature, the more ions are released (see Figure 1) . Exposing deuterium atoms to ultra-intense laser pulses gives rise to nuclear fusion reactions producing neutrons. These neutrons can be used to make a neutron beam.
Applications
The most promising application for these ultra-intense lasers is compact and commercially viable ways of producing γ-, proton-and neutronbeams. Nowadays, these beams are expensive and have to be produced in large facilities. One of the uses of a protonbeam is the production of radioactive isotopes for the use in medicine. Positron emission tomography (PET) is a technique used to locate tumors. A radioactive substance is introduced in the body. The majority of the substance is taken up by the tumor. The radioactive substance decays and releases a positron. The positron annihilates with an electron and two γ-rays are produced. The γ-rays are detected and the tumor is located. The production of these radiopharmaceuticals is usually done by proton induced reactions in large accelerators. If compact systems producing proton beams could be realized, these isotopes could be produced anywhere.
Another possible application is the production of a γ-ray laser. Consider for example the following three level system: a ground state, a long lived excited state and a short lived, slightly higher excited state (shown in Figure 2 ). The system can be pumped to the first excited state using the ultra-intense laser pulses. The first excited state is long lived, so we assume the decay back to the ground state does not occur. If this system is pumped to the second, short lived excited state by a normal laser, it can decay back to the ground state releasing a high energy photon, a γ-ray. Neutron beams, created by ultra-intense lasers, can be used to study the recovery of a solid when neutrons are passed through it. It is expected that the passage of a neutron through a solid creates thousands of small dislocations of atoms from their lattice positions. These dislocations would heal on a nanosecond timescale. Measuring such dislocations could be done by using γ-rays to produce neutrons, then irradiating a sample with those neutrons and consequently measuring a diffraction pattern from the neutron irradiated sample with the same γ-rays used to create the neutrons. The time delay between the neutron exposure and the diffraction pattern would give the time dependence.
Conclusions
When intensities exceed 10 20 W cm -2 , nuclear phenomena start to become observable. Plasma's relativistic plasma's, γ-rays, proton-and neutronbeams are all results of these phenomena. As laser technology continues to produce higher power pulsed lasers, the variety of nuclear processes which can be studied will keep increasing. Laser induced γ-rays, proton-and neutronbeam setups are compact and relatively cheap, possibly bringing these technologies from large facilities into laboratories.
